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ObjMiws. To obtain the size of regional myafardial mass for 
individual coronary sr;eries in viva. 
Lkwkgrovnd. The anatomic site of occlusion in a coronary 
artery does net predict the size of the risk area because location of 
the occlusion does not acwunt for the size of the artery or of its 
depettdeni myucardial bed. 
Mctkods. lntmcoronary rndiolabekd microspheres were in- 
j&d and coronary art&grams were quautitalively analyzed by 
semiautomated methods. The coronary artery lumc~ arcas and 
the sum of epicwdial cwomwy artery branch lengths db&d to the 
points whew ndkunkrospbem bad been injected were deter- 
mined from both in viva and pc&mortam arronary arteriogram~. 
Regional myocardii mass disbd to the point of each microsphere 
iajection was mrrelnted with correspandiig distal summed corw 
twy brah lengths and with wonafy artwy lumen awas. 
Resulls. I) Regional myocardial ma= ~84 closely and linearly 
related lo SUR of comnuy artery branch lengths distal to any 
point in the cotwary artery tree and lbepefore could Lx detrr- 
Conclusions. On cemnary artertograms, the anatomic area at 
risk For myocardii isfarctjoa distal to asy paint ia the coronary 
artery tree can be d@termbIfd from the sum oi distal ‘zfwcmq 
artery branch tesgk. Tberr is a curvi&ru r&t&s between 
coronary artery IunRn area and dependent regional mycxardbd 
mass comparable te that in humam, rckctiog fnadamental 
physical principles underlying the structure of tlw EDmaary 
vascular tree. 
(I Am Coil Cordial 1993;21:7W7) 
The extent of cellular injury and necrosis after coronary 
arterv occlusion denends on the size of the ischemic area or 
regi&al myocardi~ mass at risk, and on the severity and the 
duration of ischemia within the area at risk (I), particularly 
as moderaled by the collateral circulation. Animal studies 
(2-5) and postmortem studies in humans (6) have demon- 
strated that for a given severity and duration of reduced 
perfusion, the anatomic size of the perfusion territory distal 
to an occluded coronary artery-that is, the regional myo- 
cardial mass or anatomic area at risk-is the moot important 
determinanr of infarct size. Accordingly, defining the area at 
risk provides a measure of the importance of a coronary 
artery stenosis or the extent of potential injury if occluded. 
Radionuclide techniques and myocardial cootlast echo- 
cardiography have been tested for assessing risk area clini- 
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tally (1.7-15) but lack quantitative accuracy. Because core- 
nary arteriography plays an essential diagnostic rote for 
theravutic decisions in coronary artery disease, quantifying 
the area at risk from clinical coronary aneriograms would 
potentially be Important. Several studies have demonstrated 
that the anatomic site of occlusion in a comnary artery does 
not predict the size of the risk area (2.3S.6) because location 
of the occlusion does not account for the size of the coronary 
artery or its dependent myocardial bed. 
Previous studies from this laboratory (16) suggest a 
fundamental. svstematic correlation in human coronary ar- 
teriograms b&&en coronary artery lumen size at any point 
in the arterial tree, the sum of arterial branch lengths distal to 
that point and estimates of dependent regional myocardial 
mass. These relations were explained by the physical prin- 
ciples of minimat energy loss and limited adaptive shear 
stress that underlie the size-length-branching structure of the 
coronary artery tree. From this theoretical analysis we have 
developed a potential approach for determining the size or 
mass of the myocardium at risk distal to any point on a 
coronary arteriogram. However, in humans, regional myo- 
cardial mass cannot be independently measured in viva for 
correlating with arterial dimensions or branch lengths on 
arteriogmms. 
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Therefore, the purpose of the cdrrent study was to test in 
an experimental modei three hypotheses: 1) Regional myo- 
cardial mass (M) or anatomic area at risk is closely and 
linearly related to and can be determined from the sum of 
coronary artery branch lengths (L) distal to any point in the 
cpiiaidia! cownarjj artery !rc: on carouary arteriqrams 
with suflicien1ly smatl variabiiity to be clinically useful. 
2) Because the relation of summed arterial branch lengths 
and regional mass reflect fundamenta! anatomic characteris- 
tics of the coronary tree. expressing these vatiabies in 
relative terms as a fraction of total left ventricular mass 
(M/M,,,,) and faction af total coronary artery tree length 
(L/L,,,,,) makes them independent of the scale or X-ray 
magnification used for measurjng absolute values of distal 
coronary artery branch lengths. Therefore, the relation 
between relative regional mass and relative coronary branch 
lengths holds true for high resolution postmortem art&- 
grams and for in vivo coronary arteriograms of varying 
resolution and quality. 3) In dogs the cross-sectional lumen 
area (A) of a coronary artery at any point in the coronary 
artery tree is closely related to the dependent myocardial 
area at risk (M), anti fits the same two thirds-power law 
relating A to M found in humans (16), thereby confirming in 
a separate species the fundamemal physical principles un- 
derlying the structure of the coronary artery tree. 
Methods 
Iustrumenlation and measurements. Eleven mongrel dogs 
(weighing 22 to 32 kg) underwent sedation with 1.7 ml of 
intramuscular fentanyl-draperidol, anesthesiainduction with 
injeclion of 200 mg of pentobarbital sodium through an 
intravenous catheter and anesthesia maintenance by re- 
peated intravenous injectizms of a total of 400 mg of pento- 
barbiltal sodium. After endotracheal intubation, the dogs 
were ventilated with a Met-0-Matic veterinary anesthesia 
ventilator (Ohio Medical Products) with a tidal air volume of 
about 600 ml and 2 lo 3 literslmin of oxygen. AtIer a right 
femoral artery cutdown with the dogs in the supine position, 
a left coronary artery guide catheter (size 7F to 8F, arm 
length 3.5 cm) for angioplasty catheters was placed into the 
ostium of the left main coronary artery. Aortic pressure was 
monitored. Standard electrocardiographic (ECG) leads were. 
attached to the limbs. Standard ECG lead II and phasic 
aortic pressure were monitored continuously, coronary ar- 
leriograms were obtained and radiolabeled microspheres 
were injected into the coronary artery. 
These studies conform to the “Position of the American 
Heart Association on Research Animal Use” approved by 
the Association in November 1984. The protocol was ap- 
proved by the Animal Welfare Committee of the University 
of Texas Health Science Center at Houston. 
Eyperbnentpl protocol. Mer an angioplasty guide cathe 
ter was placed in the left coronary artery ostium. simulta- 
neous biplane coronary arteriograms were obtained under 
control rest conditions and immediately after irmacoronary 
injection of a 0.05-mg b&s of nitroglycerin. A small coro- 
nary angioplasty catheter (shaft diameter 1.47 mm, balloon 
diameter 2.5 mm) was advanced IO a distal position in the left 
circumflex or left anterior descending coronary artery. At 
this location I $i of radiolabeled microspheres randomly 
chosen from five different isotopes, diluted in 5 ml of saline 
solution, was injected through the uninliated coronary an- 
giopiasty catheter over 4 to 5 s. The catheter was then 
flushed with =I0 ml of saline solution. To document the 
exact position of the angioplasty catheter, a biplane coro- 
nary alter&ram was obtained immediately after the micro- 
sphere injection. The small angioplasty catheter was then 
pulled back to a more proximal position in either the left 
circumflex or left anterior descending artery. At this more 
proximal p%ition and at three additional positions in the left 
coronary artery (usually three locations in the left circumflex 
artery and hvo in the left anterior descending artery) for a 
total of five coronary ir&clions, the same procedure was 
repeated. Figure IA illustrates the site of injection of micro- 
spheres for determining regional mass distal to the point of 
microsphere injection in the artery. 
After these microsphere injections were completed, the 
dog was killed with an overdose of barbiturates and the heart 
was removed, trimmed of epicardial fat and weighed. A 
quickly solidifying barium sulfate-gelatin mass was then 
injected at 100.mm Hg pressure into the IeA coronary artery, 
the heart was dissected and a postmortem coronary tierio- 
gram was obtained, as detailed later. In lhis dissection the 
right ventricle was p&y separated from the left ventricle! 
interventricular septum so thin any left coronary artery 
branches supplying the right ventricle were excluded from 
analysis, and only opacified arteries to the leff ventricle or 
interventricular septum, or both, were analyzed. 
After u&mortem comnarv arterioerams were obtained. 
the “m&led” heart was trim-&d of airia, orta, pulmn& 
artery and right ventricular free wall. The left ventricle and 
interventricular septum were weighed and sectioned into five 
to seven transverse slices of approximately I-cm thickness 
and width parallel to the mitral valve ring, that is, pamIle to 
the left circumflex artery (fig. 2A). These slices were than 
cut into pieces weighing 0.5 to 1.0 g (average 0.82 f 0.26) in 
adirection parallel to the heart’s long axis and perpcmdicular 
to rhe short axis plane of each slice, that is, perpendicular to 
the left circumtlex artery (pig. ZA). The position of all the 
pieces was documented on a map of the unrolled IelI 
ventricle oriented, as shown in Figure 2A, so that activity in 
each sample could be related IO the corresponding injection 
site. 
Miihtres. Regional myocardial mass or area at risk 
was measured by i@ctions of radioactively labeled micro- 
spheres at five locations within the coronary artery 1=2. The 
microspheres measured 15.5 z 0.1 p in diameter and were 
labeled with five different gamma-emitting nuclides (cerium- 
141, tin-113, strontiumaS, niobium-95, scandium@& The 
microspheres were obtained as 1 mCi of each n&de in 
IO ml of 0.9% saline solution with 0.01% Tween-80 (NEN- 
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Fiaure 2. Same beart as in Fiiure 1. A, 
P&tmortemcoronary arteriogram of the lefl 
ventricle injected with birrium-sulfate- 
gelatin mass and disxctcd according to the 
KetbX! di%iibed tij ~G%i~~ei asd Kit% 
ll8). The rieht venttick was seoarated from 
the left v$ide (LV). IVS = intervent& 
ular septum; LAD = left ankrior descend- 
ing coronary artery; LCX = kn ~immflex 
coronary artcr~ . B, Tracing, copied from the 
arteriwam shown in A, of the first- to 
third-generation coronary artery branches. 
Craws indicate the ink&n sites of live 
diff‘aently radiolabeledmi~~osbherel. Bm- 
ken Baaindicate the border of the entire left 
ventricle and the borders of myocardial ar- 
eas at risk corresponding to the injection 
sites. Borders of areas at risk (or regional 
myocardial mass determined by planimetry 
[hi&) were defined as follows: I) The 
subumt of the coronary artery tree distal to 
or supplied by the injection site of micro- 
spheres was identified. 2) The distance be- 
tween the smallest visible vessels of this 
region of myocardium and the smallest yes- 
sels of tbc ad&zeal region was divided by 2, 
thereby defining one landmark between the 
two adjacent myocardiai areas at risk. 3) 
The borderline of the entire region of myo- 
cardium at risk (h&J was found by drawing 
a connecting line between wnemus land- 
marks that were defined accordinp: to the 
method just described. The M,, 16s eaku- 
lated by dividine the danimetrv-derived 
area c&umscribe> by tie borderline of lhe 
r&m at riskbv the atanimetwdetivad area 
of& entire kk ve&icle: tb& fraction was 
then multidied bv the known weinht of the 
TRAC Microspheres, DuPont). The volume withdrawn from 
the vial for each iJection was 0.1 ml, which was diluted in 
5 ml of 0.9% saline solution so that the volume injected 
contained approximately 400,000 microspheres. Before each 
injection the microspheres were thoroughly mixed in both an 
ultrasonic bath and vortex agitator for at least 10 min. Care 
was taken to maintain the temperature of the microsphere 
solution at about 4o’C. 
In viva coronary arteriograms. Left coronary arterlo- 
grams were carried out in simultaneous biplane views, a-in. 
(15.24cm) mode (Fig. I, B and C) by injectionof about IOml 
of diatrizoate meglumineldiatrizoate sodium radiocontrast 
medium (Hypaque-76, Winthrop-Breon) through a 7F or SF 
angioplasty guide catheter at control conditions and after 
intracoronary administration of nitroglycerin. Particular care 
was taken to include the entire epicardial coronary artery 
tree in both tine planes. The purpose of additional biplane 
coronary arteriograms after each microsphere injection was 
to document within the coronary tree the exact location of 
the coronary angioplasty catheter through which the micro- 
spheres had Leen injecfed. 
Postmortem coronary rrteriogrmns. After the heart was 
removed with 2 to 4 cm of the major vessels attached, 
postmortem intraventricular clots were removed by iniga- 
tion with saline solution. A cannula of suitable size with a 
flange was placed into the left coronary ostium and held in 
place by a purse string suture. The left coronary artery was 
perfused with 100 to 200 ml of 0.9% saline solution. A 
previously prepared barium sulfate-gelatin mixture (17) in a 
pressurized LSO-ml. closed Erlenmeyer flask, was injected 
into the left coronary artery under controlled pressure of 
100 mm Hg at a temperature of 40°C. The radiographic 
mixture exited the flask through an opening at the bottom of 
the flask into a Tygon tt_‘xe that was connected to the 
catheter sutured into the left coronary artery ostium. The 
radiographic mixture filled epicardial arteries and small 
branches but did not till the capillary bed because of higb 
viscosity. II became solid at room temperature (17). For 
obtaining the postmortem coronary arteriogram the heart 
was dissected according 10 the method of Rodriguez and 
Reiner(lS), whereby the heart is “unrolled” by making two 
planes of incision, one to either side of the cardiac septa, so 
that all of the epicardial coronary arteries are visualized in 
one plane, and the branches to the interventrtcnlar septum 
remain in continuity with the parent vessels (Fig. 2A). X-ray 
films were taken with the epicardial surface of the unrolled 
heart laid directly on the film (Kodak XDMAT-TL mammog 
ranhv film). 
‘&a pnmssiag. An electrocardiogram and phasic aortic 
pressure were recorded on a VR-16 Electronics for Medicine 
recorder with a direct writer. The automated system for 
quantitative analysis of in viva coronary arteriograms (QCA 
system) consists of a U-mm film projector (Tagarno 35 CX), 
a high resolution slow scan CCD camera (charged coupled 
device) for film image digitizing and a computer workstation 
(Apollo DN 3010) for image storage and processing. Digi- 
tized coronary aneriograms were processed by three- 
dimensional reconstruction of the entire epicardial coronary 
tree structure to obtain coronary artery branch lengths distal 
to each point (Fig. IC) and corresponding lumen diameters 
along each artery as previously described in detail (1,16,19). 
Foreshortening of coronary artery branch lengths was ac- 
counted for and corrected in final length measurements by 
using the &center methd for determining magnification 
corrections and three-dimensional spatial position fmm im- 
aging geometry for each point along each artery as previ- 
ously described in detail (16). 
The quantitative accuracy of diameter and branch length 
determination of this QCA system including reproducibility 
of measurements has been previously reported as follows: 
for diameter measurements. +2% to 4% (SEE expressed as 
percent of the mean of pt,, mom and real tnea~urententr, or
percent of the mean of measurements of two observers or 
repeated mer.surements by one observer): for accuracy and 
reproducibility of coronary artery length measurements, 
*3% for accuracy and ~6% for reproducibility (i,L6.19-21). 
Distal coronary artery branch lengths from postmortem 
coronaq arteriograms (Fig. 2) were obtained by tracing all 
Gible branches to their visible termination, but not traced 
out in Figure ZA in order to show details of small branches 
(Table 1. Fig. ?A. L.,, and L,,,~(.,,, ). Separately on postmor- 
tem and in viva arteriograms, all ftrst- to thiid-generation 
epicardial coronary artery branches (L anti Lt,, Tables I to 
3, Fig. 2B) were traced out as shown in Figure 2B Not all 
branches shown were traced along their length because, in 
order to be used, a branch had to be clearly traceabte on both 
views. To examine the effects of measurement scaling as 
potentially affected ;y magttilication and film quality, rela- 
tive distal branch lengths were detemtitted from in viva and 
postmortem arteriograms at a scale representing high mag- 
nibcation (L,,, and L ,_,r&, and at a scale representing 
lower magniEcation (L and L,,,J and were compared 
among each other (Table I). Criteria for where diameters 
were measured are detailed later, in the section on data 
acquisitic . from attetiogmtns. 
Betcrmination of ragit& tnyneawBa3 mass. After the 
harvested heart was sliced into OS- to 1.0-g pieces as 
described, radioactivity of the myocardial pieces was deter- 
mined with a gamma counter (1282 CompuGamttta, LKB 
Wallace) with window setting corresponding to the peak 
energy emitted by each radioactive nuclide. This automated 
microcomputer-controlled gamma counter was programmed 
to correct for activity recorded in each winl;ow as a result of 
spillo~~er f om the counting window of other microsphere 
activity. Corrections for backgmtmd activity were made and 
corrected counts per minute per gram of myocardium deter- 
mined. Because radiolabeled microspheres had been in- 
jected directly into the coronary vasclature. they served as 
2nd Generation 3rd Generation 
1st diagonal branch 
2nd diagonal branch 
i 
Daughter vessel of 2nd.generaian branch 
3rd diagonal branch 
Sepal branch(est 
Daughter vessel of 2nd.generation branch 
Apical bmnch(es) 
Septal branch I I Daughter vessel of 2ndqwation bmncb 
Sepral branch 2 
Septal branch 3 
Septal bmnch 4 
Ramus branch 1 i 
Daughter verseI of 2nd.generation branch 
Daughter vessel of 2nd-generarian branch 
Ramus branch 2 
Rasus branch 3 
Daughter vessel of lnd.Scneratmn branch 
Posteliar septal branch 
Left lateral IamY* i 
Daughter vessel of 2nd.senmration branch 
Atria1 branch 
;:l::;::;nch ; 
N&lUer vessel of 2nd.gearration branch 
Obtuse mxpjnal branch 
Daughter YCISCI of 2nd-generation branch 
*The aptal c~mnaw arkry originated from the left anterior descending cmonary ancry in 55% and from the left main coronary artery in 45% of caw.. 
tRamus medisnur wa_s included in the analysis of the left circumkx cw~nay artcry. 
tracers or markers by which the diKerent myocardial areas 
distal to each site of injection in the coronary artery could be 
identified. Myocardial blood ffow values were not calculated 
because microspheres were not injected into the left atrium. 
The borders of each myocardial area at risk distal to each 
iniection site within each slice of the left ventricle were 
ddtermined by identifying each myocardial piece with radia- 
activity falling within full width, 25% maximum of each 
specific energy peak of each microsphere radionuclide. Use 
of this threshold provided good counting statistics for 
sharply delineating myocardial regions. Changing the width 
of the energy window of the well counter causes only a small 
change the relative size of regional mass expressed as a 
percent of total left ventricular mass as long as all myocar- 
dia! samples are counted at the same energy peaks with t:le 
same window width. Because there is no other reference 
standard for determining absolute regional mass distal to a 
point, the quantitative degree of sharpness demarcating the 
anatomic boundaries of the zone at risk by intracomnary 
radiomicrospheres can be determined as the difference in 
size of area at risk measured by an energy window at full 
width, halP (50%) maximum and the size measured at full 
width, 25% maximum for each isotope energy level. This 
difference averaged 9 g for an average area at risk of 68 g for 
an average precision of 10 f 2% in the size of the area at risk 
by intracoronary radiomicrospheres. The weights of all the 
myocardial pieces labeled with a particular isotope in a 
contiguous spatial distribution therefore provided the size of 
the risk zone or regional myocar?ial mass at risk distal to the 
point in the coronary artery tree where the radiolabeled 
microspheres were injected (Fig. IA). 
To confirm this microsphere method for determining 
regional myocardial mass, regional arterial supply areas 
were also determined by drawing on postmortem corouary 
arteriograms the borders between the branches of the core- 
nary artery tree distal to the arteriographic site of micro- 
sphere injedion (Fig. 2B). This graphic representation of 
myocardial area at risk was then measured by planimetry 
and expressed as a proportion of the total area drawn around 
all branches defining the left ventricle on postmortem coro- 
nary arteriograms (Fig. 2B). The corresponding absolute 
amount of myocardium was calculated as this pmportion 
times the known weight of the entire left ventricle. 
Data aequldtion fmm eurunnry artetlugrams. Data acqui- 
sition from in vivo coronary arteriograms consisted of the 
folltiwing steps as previously detailed (16) and summarized 
here: 1) Coronary artery diameter ID) measured on in viva 
arteriograms by a previously reported edge detection tech- 
nique (1,16.19-21) at an average of 16 3- 7 locations thmugh- 
out the left coronary artery tree for each of I1 dogs. The 
criteria for selecting the locations within the coronary artery 
tree where values of D were obtained were as follows: a) D 
had to he obtained rectangularly to the long axis of the vessel 
segment; b) D had to be measured in vessel segments with 
good filling of radiographic contrast medium; c) regions of 
overlay of coronary arteries were considered unsuitable for 
measurements of D; d) areas of X-ray overexposure within 
the coronary arteriogmm were avoided for measurements of 
D; e) D had to be measured at all locations where radiolc- 
beled microrpberes had beztt injected. 
On the basis of D, the cross-sectional area, A, was 
calculated as A = D’,& 
2) For all the values of D, the corresponding summed 
coronary artery branch lengths (L) were measured through- 
out the heart (Fig. IC) and analyzed for separate major 
branches, such as the Ieft circumftex and left anterior de- 
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Table 3. Numbers and Mean Lengths cl Coronary Awry Brdnches Obtained From Postmortem 
(PM) and (II viva Coronary Aneriag~amr Akr Nilraglyrcrin iN) nnd at Real !Rj 
R 
Sental brmcb PM 
Mean Length 
Icm, 
0.6 I 0.2 
12.4 f 0.9 
I?.? + 1.1 
I I.4 t 1.3 
17.3 f I.8 
16.8 : I.8 
15.4 2 I.Sf 
4.5 i 8.9 
4.4 + I.0 
4.1 2 I.2 
‘Left main cmonary artrry (LMCA) lengths wrc measured separately on in vivocomnmy artrr@nms with 
sufficiciem i age quality of this regiion tn = 9). *p C 0.005 compared wilb posmwnem areii0gn.m (PM) and in viva 
anriigwn&rnitmglyrerin +Q <OS05 compared wilh ~stmonemangiopnm. Bothp valuer 
OT variance. Numba and lengths of cornnary artery bnnches are given as mean vakwr t standard eviation. 
AV = srrioventricular; cihcr abbrevladons as in Figure I md Table 1. 
scending arteries. The lumen cross-seerional diameter at 
each point along the artery was determined by the maximum 
of the derivative of spatial density gradient as previously 
described (1,16,19-21). No operator intervention was used 
lo determine these diameters. Aii the summed coronary 
artery branch lengths (L) were obtained by using only 
biplane coronary arteriograms. 
3) Total epicardial coronary artery tree length (L,,,,J was 
obtained from three-dimensionally reconstructed biplane 
coronary aagiograms as previously described (16). 
Data acquisition from postmortem coronary arteriograms 
consisted of directly measuring on the postmortem film the 
coronary artery diameters (D) and the corresponding traced 
distal coronary artery branch lengths (L and L,,) at the sites 
where -adiolabeled microspheres had been injected. Total 
epicardial coronary artery tree length [L,,,,, and ~n.l,auJ 
was also measured (Table I). Ekcause postmortem atterio- 
grams were obtained by laying the epicardial surface of the 
unrokd heart directly on the radiographic film, there was no 
magnification distortion. 
Branch overlay on in viva coronary arteriograms made it 
impractical $0 identify each small braach corresponding to 
the respective branch measured on postmortem coronary 
arteriograms. particularly for third-generation branches (Ta- 
ble 2). For comparison of summed distal coronary artery 
branch lengths (L) measured on poslmwtem an4 in viva 
coronary arteriograms, the coronary tree structure was 
defined uniformly by the same sequence of generations of 
arterial branches on both postmortem and in viva coronary 
arteriograms (Table 2), and by measuring similar numbers of 
branches among the different braurh generation with equal 
mean lengths (Table 3). The <methods of measuring branch 
lengths wen: therefore comparable for in viva and postmor- 
tem arteriograms because no fourth-generation branches 
were included for either in viva or postmortem arteriograms. 
Dafa were aaaIy2ed IS fallaws: I) Regional myocardiai 
mass (M) determined by radiolabeled microspheres was 
correlated with distal summed coronary artery branch 
lengths including first- to third-generation branches (L) de- 
termined in postmortem coronary atMiograms; the same 
variables were correlated for in viva cornnary arteriograms 
in which dirtal branch Iength maasuremenrs inciuded ail the 
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Table 4. Mean Crass-Sectional Lumen Areas al Specified Vascular Bed Sizer in Left Cornnay Arteries Among Dogs and Humans 
M (8) Anlcm’) SD km7 n A,, i.xr1 SD (cm’) n 0 Yalue 
12.5 
17.5 
22.5 
27.5 
32.5 
37.5 
42.5 
47.5 
52.5 
57.5 
62.5 
4.5 
87.5 
0.018 
0.019 
0.023 
0.033 
0.045 
0.041 
0.046 
0.059 
0.081 
0.065 
0.083 
0.m 
o.cm 
0.011 
om9 
0.0, 
0.01 
0.007 
o&l5 
0.011 
0.011 
0.021 
0.013 
0.012 
0.014 
0.026 
- 
3 0.054 
3 0.066 
4 0.068 
2 0.07 
3 0.W 
II 0.067 
0.01 
o.Gm 
0.017 
0.011 
0.014 
0.017 
D.914 
Ml14 
0.01: 
0.024 
0.017 
0.023 
0.016 
0.03 
5 
6 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
37 - 
115 0.115 O.WX 4 O.llb 0.023 8 NS 
d,. d, = mean crass-sectional lumen uea far spcsifizd areas ofregional mywudlal mass (MI in dogs IA.1 and humans C&; 18). Regional myowdial mas 
was determined in dogs by radiolabcle~ microspheres: it was calculated in humans cakulated as total kit vrntdcular mars limes the ratio of distal lo total branch 
lrn&Ihs 81 any pOin1 in Ihe coronary anrry tree. n = number of measured values of lumen areas. 
4 0.015 
f 0.019 
5 0.031 
4 0.028 
4 0.033 
3 0.045 
5 0.042 
3 II.!%,2 
13 
33 
26 
18 
22 
21 
25 
I2 
16 
24 
NS 
NS 
NS 
first- to third-generation coronary artery branches visible 
under rest conditions and aher nitroglycerin (Table I). The 
generation of coronary artery branches refers to the number 
of branching points. The zero generation refers to the left 
main coronary artery. The first generation refers to the main 
branches, that is, the named arteries, left anterior descend- 
ing, left circumflex and right coronary arteries. The second 
generation refers to branches from these named arteries and 
the third generation to branches from the second generation, 
as outlined in Table 2. 
2) Regional myocardial mass determined by microspheres 
(Mm+,) was correlated with regional myocardial mass de- 
termined by planimetry (hi,,,). 
3) Distal branch lengths ratios in postmortem coronary 
arteriograms including all li.3 Visible coronary artery 
branches (LJL ,otarlan,) were correlated with distal branch 
lengths ratios in postmortem coronary arteriograms includ- 
ing only first- to third-veneration coronary arterv branches 
(L/L,,,,,) to determine whether the measu~emen;scale (res- 
olution and film quality) would alter results (Table I). 
4) Distal branch lengths ratios in portmortem coronary 
arteriograms (first- to third-generation ILfL+...,I) were carre- 
lated with distal bran& le&ths ratio; on &&o coronary 
artetiograms under r-eat conditions (L/L,.,,,(R), Table I). 
5) Distal branch lengths ratios on in viva coronary arte- 
riograms under rest conditions (L/L,,,,,(R)) were correlated 
with ratios of regional myocardial mass determined by 
microspheres to total left ventricular mass (M/M,,,,,). 
6) Coronary artery cross-sectional lumen areas (A) at the 
site where the microsphere injection was made were corre- 
lated with the corresponding distal coronary branch lengths 
(L) and with the corresponding regional myocardial mass 
determined by microspheres. Both A and L weredetermined 
on m viva coronary arteriograms at rest and under stress 
conditions. 
StaBsties. Ditferences in total epicardial coronary anery 
tree lengths (L,,,,,), numbers of branches included in the 
analysis, mean branch lengths among postmortem and in 
viva coronary arteriograms were statistically tested by anal- 
ysis of variance (ANOVA) followed by a Scheffe rest. For 
the correlations mentioned under the previous paragraph a 
general power-law equation of the form y = a + bx’ was 
determined that best fitted the observed data by a least- 
square method in order to determine the specific values of a. 
hand c. In correlations best fitted by a linear equation (c = 
I). the regression coefficient (r) was calculated, and in 
power-law relations (c # l), the SEE was computed in 
addition to the r values (20). Differences among data oh- 
served in dogs and in humans without segmental coronary 
anery disease [16) were analyzed, pflicularly for mean 
cross-sectional coronary artery lumen areas of left coronary 
arteries at specified areas of vascular bed size (Table 4) and 
tested by a two-tailed, unpaired Student I test (22). 
Results 
Regieuaf myoeardird muss (M) and di e.nrunaw artery 
branch lengths (1,) in canine postmortem aud ht vivo conmary 
arteringrnms. There was a close, linear relation between 
regional myocardial mass or area at risk and distal branch 
lengths obtained from postmortem (Fig. 3) and in viva 
coronary (Fig. 4) arteriograms. As shown in Figure 4 for in 
vivoarteriograms after nitroglycerin, there was a I:1 relation 
between regional mass in fg) and summed distal lengths in 
(cm). For example, IO g of regional myocardial mass is 
supplied by a “subunit” of the coronary artery tree with 
summed distal branch lengths of IO cm. Total coronary 
artery tree lengths including first- to third-generation 
branches in postmortem (Lr,,.,) and in viva coronary arte- 
nograms after mtroglyccnn [LtOlallN, ) were ahnost equd 
lengths fmm postmortem coronary arteringnms Uirrr- to third- 
generation branches, L: cm, X axis) distal lo the localions within the 
coronary artery trees where radiolabeled microspheres had been 
injected. n = number ofmearured points: r = correlationcocilkient. 
(114.4 ir 12.4cm vs. 118.4 r II.1 cm. p = NS). By corrnring 
the number of traced first- to third-generation branches and 
measuring the average length of these bnnches on postmor- 
tem arteriograms and in viva coronary arteriagrams after 
nitroglycerin administration (Table 2). we confirmed that in 
both cases very similar coronary artery tree structures had 
beenanalyzed although not all individual branches on in viva 
artcriograms (after nitroglycerin) had Seen exactly matthed 
to those measured in postmortem coronary arteriograms. 
Table 3 shows also that there were fewer branches with 
shorter average lengths on coronary arteriograms obtained 
Figure 4. Relation of regional left ventricular myecardial mass CM: 
g, Y axis) to the corresponding summed coronary artery branch 
lengths (first- to third-generation branches) from in viva camnary 
arteriagrams under rest conditions (L,; erwes, heavy sotid regrm 
Sian lirw; cm. X axis) and at maximal vas&lation atker intracore- 
nary nitmglycerin (nirmj injection (L,: apea circtw, thin solid 
rear4-m ltnq cm, X axis). Abbreviations as ia Figure 3. 
Figure 5. ReMon of regionat left ventricular myocardial ma% 
determined by radiolabeled microspheres IM,,,: g, Y axis) 1a 
~ional left ventricular myocardial mass determined by planimetry 
of areas at risk defined on postmonem coiamry xrteriograms 
IM,,,,,: g. X axis). Abbreviations as in Fiiure 3. 
under rest conditions than in those obtained after nitroglyc- 
erin. thereby leading to a steeper slope of the M-L relation 
under rest conditions (Fig. 4). 
Regional m)ncardial w determitxd by mieresphere~ 
(f&b ) and by @nimetry of arCerial supply areas on Iposr- 
mortem coronary arteriogmms (M,). Regional myocardial 
mass determined by injection of radiolabeled microspheres 
at different locations within the coronary artery tree was 
c:vsely related to regional mycuardial mass determined by 
planimrwy of arterial supply areas on postmortem coronary 
arteriogmms (Fig. 2B and 5). Low values of regional myo- 
cardial mass of 0 to IO g appeared to be slightly overesti- 
mated by the microsphere method compared with the 
planimctry method because of following observation. A 
careful visual review of the coronary arteriogmms obtained 
immediately after 5 of II of the most distal microsphere 
injections showed a just visually detectable backtlow of 
radiocontrast medium over an estimated distance of a few 
millimeters. This observation could cxptain the distribution 
of radiolabeled microspheres into some small coronary ar- 
tery branches proximal to the injection site which would 
slightly increase values of regional myocardial mass. 
Distal braorb knglh ratit in poslmortem and io vivu 
coronary arteriograms. Figure 6 shows that the ratio of 
summed coronary artery branch lengths distal to any point in 
the coronary artery tree to the entire coronary artery tree 
length (L/L,,,,,) is ihe same whether L and I_,,,, are derived 
ti-om measuring all visible arterial branches (first- to third- 
generation branches) on postmortem (Fig. 6A) or on in viva 
(Fig. 6B) coronary arteriograms. 
After intracomnary nitroglycerin the number and mean 
length of coronary artery branches on in viva attcriograms 
were larger than under rest conditions because of anincrease 
Figured Relations of ratiosofdistal to total coronary artery branch 
lengths (L&J obtained from postmortem and in viva coronary 
arteriograms. UL,,, was always determined for the sites where 
radiolabeled micmspheres had been injected. A, Postmortem core- 
nary art&grams: relalioaafdistal branch lengths ratios accounting 
only for first- tothird-generation branches (LIL,,,(lst-3rd); Y axis) 
to distal branch lengths ratios including all visible branches in the 
measurement of L and L,,, (LiL,,(all); X axis). B, In viva (under 
rest conditions) and postmortem coronary arteriogmms: relation of 
distal branch lengths ratios accounting for first- to third.generation 
branches visible on in viva coronary ark&grams under rest condi- 
tions &L,,,(R): Y axis> to distal branch lengths ratios from post- 
mortem coronary artcriograms including first- IO third-generation 
branches in the measurement of L and L,,, (L/L,,; X axis). tot = 
total; other abbreviations as in Figure 3. 
of -15% in vessel cross-sectional lumen area after nitrordvc- _. 
erin (A,. in cm’) comaaxed with coronarv arterv size at rest . 
control conditioits (A;), as shown in Table 3 &&e A, = 
U.tW! + 1.13Aa, n = 43, r = 0.94. Because visibility oflhese 
branches increased after nitroglycerin, more branches could 
be analyzed with longer total summed lengths measured on 
in vivo arteriogmms by the QCA system. However, as 
shown subsequently, summed branch lengths of each gun- 
erarion of arterial branches were statistically the same under 
rest conditions and after nitroglycerin (liable 3). 
P 
Fieure 7. Relation of rceional mvocardial mass ratios IMIM._: Y _ . .“, 
a&, calculated as regional mass determined by radiolabeled mi- 
crospheres divided by total left ventricular mass, to distal branch 
lengths ratios mounting for all first- to third-generation branches 
visibte WI in viva coronary arteriograms taken &der rest conditions 
WL,.,III,; X axis). M and L were determined for the locations where 
radiolabeled microspheres had been injected. Abbreviations as in 
Figure 3. 
Ratios of regional myocardial me?;9 (MIT&I,,) and distal 
branch laugtbs (L/L,,). Figure 7 shows that there is an 
approximate t:l relation between the fraction of left ventrio 
ular mass at risk (WM,,,.l) and the fraction of the total 
coronary artery tree length (L&,,) that supplies this re- 
gional myocardial mass. The slope of the relation is 0.89, 
indicating that the mass ratio (M/M,& is about tW less 
than the length ratio (LIL,,,,J. 
L&caraamy&rycrms-su+mmIlmnenarea(A)anddW 
branehlengtbs(L)orregiandm~massN. Ascontir- 
mation of the diameter measurements on in vivo atterioprmns, 
the coronary artery cross-sectional areas measured on post- 
mortem coronary arteriogmms (A& were essentially identical 
to vasodilated coronary artery calibers (AN) determined at 
identical IoEations on in vivo coronary arteriograms after 
nitroglycerin(A, = 0.004 + l.tEA,. n = 18, c = 0.96). Fiiure 
8A shows the correlation between arterial lumen area mea- 
sured on posttnoltem and in vivo coronary arteriogratns. L& 
coronary atleery cross-sectional lumen area (A), measured at 
the sites where the radiolabeled micmsnheres had been in- 
jected, correlated with &rcsponding ~~&&ional myocar- 
dial mass (M) with a close, curvilinear relation (Fig. EB). This 
relation is similar to that found in normal humans(l@, when 
A = O.ooW + 0.CQ29KSa’6. Mean cross-sectional areas in 1S 
specified ranges of reglL.ml myocardial m&s showed no statis- 
tical di&rence between values in dogs and those in humans 
without coronary artery disease (Table 4). Figure 9A and E 
shows examples of the curvilinear relation between coronary 
artery lumen area and distal branch lengths in two dogs. 
Correlation coefficients foreach dog were r = O.%, U.97,0.95, 
0.98.0.95 0.93 0.92 0.92 0.96.0.98 for a mean r value of 0.95 
and a regression equation of A = 0.0073 t 0.W53L”~65. An 
and A/M relations in dogs also fit the theoretically derived 
Figure 8. A, W&n of left coronary srtery cross-scctionsl lumen 
areas (n = 16) &e&d nt identical locations lsiles of radiomicm- 
sphere injectmtsj fmm in viva coronary arreriogmms after nitm- 
glycerin (nilro A,; cm’. Y axis) and from postmortem coronary 
artcrioamms (A,; cm’. X axis). B, Belrxion of left coronary artery 
cross-lxl-sectional lumen area measured at 51 locations on coronary 
arteriograms obtained under rest conditions CA,: cm2, Y axis) to the 
corresponding regional myocxdial mass or area at risk determined 
by radiolabeled mismspheres IM; g. X axis). A, was determined 
only al locations within the coronary artery trees where radiolabeled 
microspheres had been injected. Abbreviations as in Figure 3. 
respective relations, which can be described by B two-thirds 
power law (A = 0.004Me~“) with a slightly larger exponent of 
0.76 suggesting some asymmetry of the coronary artery tree as 
previously described for humans (16). 
Discussion 
The present findings in dogs demonstrate the following: 
1) Regional myocardial let? ventricutar mass or anatomic 
area at risk for myocardial infarction is closely and linearly 
related to summed coronary artery branch lengths distal to 
any point in the coronary artery tree and therefore can be 
determined for any location on a coronary arteri~grzn. 
2) The ratio of distal branch lengths to total coronary 
artery tree length at any point in the coronary artery tree 
Figure 9. Examples obtained from Dog IO, n = 13 (A) and Dog I2 
(n = 141 (B) of !he relation ol left corunary artery cross (Xtsectional 
lumen area measured on coronan arteriamama obtained under rest 
conditions (A&m’, Y axis) toihe corres~ndiy summed coronary 
artery branch lengths (L,;cm. X axis) distal 10 Ihe siles where A. 
was measured down top vessel diameter of ~0.5 mm. Abbreviations 
as in Figure 3. 
remains the same whether the whole tree analysis includes 
all visible corontiy anery branches in postmortem coronary 
arteriogtams or only firsr- to third-generation branches in 
postmortem or in viva coronary arteriograms. In other 
words, the detent&t&n of ratios of distal coronary artery 
branch lengths to total coronary artery tree Iength at any 
point in the tree is scale independent and therefore not 
ini%tenced by the normal variability in resolution and quality 
of routine clinical coronary arteriograms. 
3) The fraction of left ventricular mass at risk distal to a 
srenosis at any point in the coronary artery tree can be 
described by the fraction of total coronary artery tree length 
independently of the scale or X-ray magnification used to 
mcaaure absolute branch lengths. 
4) The reinion among left coronary artery cross-sectional 
lumen areas at any punt in the enronary artery ttee and the 
size of the dependent vascular bed expressed as distal 
branch lengths or as regional myocardial mass found in dogs 
is similar to that abserved in humans with normal coronary 
arteriogtams (16). This similiarity suggests that the structural 
design of the epicardial coronary artery tree in dogs is 
determined by the same theoretical physical principles that 
have been identified for humans (16). 
Several animal and postmortem human studies (2-6) have 
demonstrated that location or anatomic site of an occiusion 
in a coronary artery does not predict the size of the myocar- 
dial area at risk for myocardial infarction. In all these 
studies, however, the location of the occlusion site was 
either defined qualitatively by description (for example, 
proximal left circumflex coronary artery [3.4,6.35]) or by the 
proximal coronary artery length between lesion site and 
origin of the left main coronary artery at the aortic root (Z), 
neither of which takes into account the size of the artery or 
its dependent vascular bed. The present findings demon- 
strate that anatomic location of a coronary artery stenosis 
does define the anatomic region at risk if the summed 
coronary artery branch lengths distal to that point are 
determined. If the stenosis becomes occluded, infarct size 
within this anatomic area at risk depends on the severity and 
duration of ischemia, especially as modified by collateral 
vessels. Our quantitative results fitting a fundamental theory 
for the structure of the epicardial coronary artery free are 
consistent with an experimentally undocumented qualitative 
suggestion that the number of small coronary artery 
branches into which a major coronary artery ramifies pro 
vides an estimate of the relative contribution of the parent 
coronary artery to total left ventricular perfusion (23). 
Anatomic, perfusion and metaboIIe areas at risk. For 
assessinn ischemic heart disease or mvocardial infarction. 
there arethree types of myocardial z&s at risk that are not 
clearly separated or defined in published studies: the ana- 
tomic area at risk, the perfusion area at risk and the 
metabolic area at risk. For each of these, the underlying 
conceot, the methodolony for measurement and the interure 
tation’of results are q& different. Failure to recognize or 
identify these inherent differences has given rise to confusing 
or conflicting conclusions. 
Annromic mea at risk. This area has been determined 
primarily by postmortem techniques such as autoradiogra- 
phy, postmortem coronary arteriography, injection of col- 
ored dyes into the coronary artery vasculature (?-5,24-26). 
The exoerimental tittdittas of these studies were that II there 
is a cl&e correlation bitween area at risk and myocardial 
infarct size; 2) when the area et risk is ~20% of the left 
ventricle no myocardial infarction occurs; and 3) various 
interventions could shift the infarct size/area at risk ratio in 
both favorable and unfavorable directions. 
Our current report describes an approach to measuring 
the anatomic zone at risk on in vivo arteriograms derived 
from the fundamental physical principles underlying coro- 
nary artery tree structure. The advantages of the anatomic 
methods are sharp demarcation of myocardial regions sup- 
plied by each coronary artery (27) and appiicability to 
clinical coronary artcriograms. The disadvantages are lack 
of physiologic or functional information and inapplicability 
to totally occluded coronary arteries. Consequently, the 
anatomic area at risk as determined by our method serves as 
a prospective measure of potential zone at risk or maximal 
size of infarction in the event of an occlusion and therefore 
of the relative importance of a stenosis. Anatomic area at 
risk also provides a good reference or denominator for 
expressing the extent of infarcted or viable myocardlum in a 
standard way. For example, effectiveness of interventions 
for salvaging myocardium may be expressed as percent of 
myocardinm in the anatomic area at risk that is salvaged or 
infarcted. However, the anatomic area at risk is only one of 
three components determining infarct size, that is, anatomic 
zone at risk, severity and duration of &hernia, and myocar- 
dial oxygen or work load demands. 
?erfusfon crrea nr risk. This zone has been defined in two 
ways: I) the area with reduced rest perfusion at risk of 
necrosis (1,7,8,10-15,24,25), and 2) the area of reduced flow 
reserve or reduced maximal perfusion distal to a stenosis 
(1.28-35). Both are measured by perfusion-measuring tech- 
niques such as radiolabeled or colored microspheres (36), 
radionuclide imaging and echocardiographic contrast agents 
injected into coronary arteries and monitored externally. 
The extent of reduced perfusion at rest defines a subsection 
of the anatomic area at risk potentially subject to necrosis 
due to reduced perfusion. 
Advantages of the perfusion area at risk are that I) it 
provides direct physiologic information on those zones of 
reduced perfusion regardless of anatomy; 2) it is noninva- 
sive; and 3) it is applicable in the setting of complete 
coronary occlusion. This approach accounts for collateral 
t7ow because a totally occluded artery may have normal rest 
perfusion and therefore may have no perfusion area at risk 
within the anatomic zone at risk. In this instance the 
anatomic area at risk distal to the occlusion still serves lo 
identify the size and location of the arterial bed involved 
regardless of the size of the perfusion, functional or physio- 
logic area at risk. 
Disadvantages of the rest perfusion zone at risk are that it 
alone fails to reflect the potential extent and severity ofdisease 
that could result in future infarction. Rest perfusion may be 
normal in the presence of severe three-vessel comnaty mtery 
disease or stenases of large arteries that, lf occluded, could lead 
to large infarctions. Thus, rest perfusion area at risk is useful 
primarily in conjunction with other measures, such asanatomic 
or metabolic arcas at risk to identify stunned or hibernating 
myocardium as by position emission tomographic flow- 
metabolism imaging (1,9.10,35,37,38). 
Areas of regional wall motion abnormalities at rest im- 
aged noninvasively with e&cardiography (14). mdiomt- 
elide angiography (39) or contrast ventticulography (40) also 
reflect perfusion abnormalities. However, the relation be 
tween abnormalities in mechanical function and coronary 
blood [low is complex and not linear since analysis of waU 
motion abnormalities tends to overestimate the size of the 
ischemic bed (14,411. 
Perfusion area at risk determined after dipyridamole or 
adenosine defines the area of reduced flow re!;erve (1.28-35). 
This area of reduced flow reserve is the ahvsioloeic or 
perfusion equivalent of the anatomic area at hsi that can be 
imaged noninvasively fl,26-33). Standard exercise perJu- 
sion imaging also falls into this category but exercise stress 
does not increase flow as much as pharmacologic stimuli and 
therefore does not define the area of reduced Row reserve as 
well. 
Metabolic area af risk. This is the final approach used in 
reported studies (1,9.10,31,35.37,38). it defines the myocar- 
dial area of altered metabolism, particularly of radiolabeled 
glucose (1,9,35,37,38)+ rubidium (35) or thallium uptake on 
delayed or redistribution images (33). Like the rest perfusion 
area at risk, it identifies myocardium aL immediate risk of 
necrosis by virtue of metabolic changes due to reduced 
perfusion at rest. [ts advantages are the same as for ptrfu- 
sion area at risk. that is. direct ohvsialoeic information. . . 
noninvasiveness and appticability in the set&g of complete 
occlusion for identifying viable, stunned or hibernating isch- 
emit myocardium. its disadvantages are the same as those 
for rest perfusion area at risk. 
Any one of these types of areas at risk alone does not 
provide adequate information for major clinical decisions. 
Usually, two or all three are required with different combi- 
nations appropriate for different clinical questions by either 
invasive or noninvasive means (1). For stunned or hibernat- 
ing myocardium, noninvasive imaging of the rest perfusion 
and metabolic areas at risk provides the basis for coronary 
arteriography and bypass surgery or coronary angioplasty. 
For a patient with a completed infarction, the area of 
reduced petfusion reserve and quantitative arteriography 
determine the extent and severity of disease in other arteries 
as the basis for therapeutic intervention to prevent additional 
infarction. For a patient with no infarction, the area of 
reduced perfusion reserve determined noninvasively by di- 
pyridamole positron emission tomography or quantitative 
analysis of the anatomic area at risk on a coronary atterio- 
gram, or both, provides the basis for therapeutic decisions. 
Finally. some patients may have a completed infarction in 
part of the anatomic area at risk, injured, viable, underper- 
fused myucardiuttt in an adjacent area within the zone at risk 
and other areas of normal flow at rest but reduced flow 
reserve due IO stettoses in other arteries. For such patients a 
combination of all three types of zones at risk are essential 
for making good clinical decisions. Thus, these different 
types of arcas at risk arc complementary when chosen 
appropriately for a specific clinical problem (I) but are 
redundant and irrelevant when applied inappropriately for 
the clinical question. 
L.iiitaliotta of the method used in lhls sIudy to deRne 
anatumk area at risk. Heretofore, measuring size of the 
anatomic area at risk was a postmortem. experimental 
determination. Our approach provides t::e first quantitative 
method applicable to in vivo arteriograms. Experimental 
validation of our method depends on accurately determining 
the postmortem area at risk as a reference standard that in 
turn is dependent on two factors: 1) uniform distribution of 
intracoronary radiomicrospheres within the tegional myo- 
cardial mass. and 21 ability to distinguish dearly between 
myocardial samples containing the tracer and those not 
containing the tracer by in vitro well coutttbtg. Microsphere 
streaming or nonuniform mixing might result in spurious 
distribution of radioactive particles, causing underestimation 
.d the myocardial ruca at risk. Clinisal studies have shown 
that intracoronary injection of radio&&d nticrospheres 
results in fairly homogeneous disbibution of particles and 
that fdlee positive perfusion defects due to streaming are 
uncommon (42-44). In our study We evaluated the potential 
problem of nonhomogeneous myocardial particle distribu- 
tion by profile analysis of the distribution pattern of photon 
energy peaks over the entire left ventricular myocardium. 
Spatial distribution of photon energy peaks from an isotope 
injected at a distal point in. for example, the left circumdlex 
coronary artery had IO match the spatial didribution of 
different energy peaks of more proximally located !eh cir- 
cumflex artery isotope injections of diierent mdiol&&d 
microspheres. Energy profiles created by very proximally 
admittistered radiolabeled microsphere injecrions into the 
left anterior descend& and lefl circumflex coronary arteries 
had to be uniform and homogeneous over the distribution of 
each coronary artery. 
Previous investigators (27) using postmortem automdic- 
graphs or postmortem coronary arteriogmms for determina- 
tion of the area at risk have noted the extremely sharp 
demarcatian between the normally perfused myucardium 
and risk areas of low flow. This sharp border of Iow 
myocardial blood flow in the area at risk on postmortem 
study precludes identification ofthe epicardia1 and endocar- 
dial petfusion boundaries of this zone determined by physi- 
ologic couditions in viva. DeBoer et al. (27) determined area 
at risk by occluding a coronary artery and injecting mdionu- 
elide microspheres into the left atrium: these microspheres 
-re therefore dietributed in parallel with perfusion remaining 
after occlusion. 
In contrast, in our study, radiolabeled microspheres were 
injected into coronary arteries at anatomically specific “hy 
pathetical” occlusion sites within the epicardial cornnary 
artery tree without occlusion. Therefore, under the condi- 
tions of our mdiomicmsphen injections, enducardial and 
epicardial myocardial pm-fusion was normal and limited only 
by anatomic arterial bed size. FM this reason, we avoided 
inflating the coronary angioplasty catheter and avoided 
coronary occlusion in order to define the anatomic limits uf 
each arterial bed untiected by abnormal physiologic condi- 
tions of perfusion and pressure caused by coronary occh~- 
sion. As a result of our technique of intracoronary micro- 
sphere injection without occlusions. demarcation between 
arca at risk distal to the injeaior: site from the rest of 
myocardium supplied by other arterial beds was sharp. as 
reported with autoradiographic techniques (27). 
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Clinical Iimifafions. Although the method of determining 
anatomic area at risk presented in this study is based on good 
theoretical foundations and has been experimentally vali- 
dated and shown to be reasonably precise for use on 
individual coronary arteriograms, it has some limitations in 
its clinical application. In the case ofa complete occlusion of 
a coronary artery without visualization of distal arterial 
branches, myocardial area at risk cannot be determined by 
this method because length measurements of the coronary 
artery tree distal to the occlusion cannot be obtained. 
However, once coronary occlusion has occurred, rest per- 
fusion or metabolic areas at risk, or both, provide more . appropriate mformatton for clinical decisions and the ana- 
tomic area at risk is bss useful. Specific digitizing hardware 
and computer software to measure coronary artery branch 
lengths need to be iostalled as part of the catheterization 
laboratory X-ray equipment for routine clinical application. 
The effect of changing ventricular preload and after load 
on the relation of regional mass to the sum ofarterial branch 
lengths is not known. We would speculate that abrupt 
changes in afterload or preload are paralleled by similar 
directional changes in coronary flow and therefore in arterial 
size and length, comparable to those observed after nitro- 
glycerin. The relation of regional mass to summed distal 
arterial lengths would therefore not be likely to change 
greatly. 
In our previous report (16), two patients with left ventric- 
ular hypertrophy due to hypertension without coronary 
artery disease had coronary arteries that were more tortuous 
than normal with a normal relation between mass and 
summed distal arterial branch lengths. However, the effects 
of acute and chronically altered preload and afterload on 
these mass-length relations require further study. Similarly, 
ectasia that may be associated with coronary atherosclerosis 
may alter the lumen area-distal regional mass relation but 
not the mass-length relations. 
Clinical implications. Our method of determining ana- 
tomic area at risk by measuring distal coronary artery branch 
lengths provides valuable quantitative information on the 
anatomic zone at risk from clinical coronary arteriograms 
that was heretofore available only in experimental models. 
This approach allows opportunity of stratifying patients with 
coronary artery disease according IO the extent of myocar- 
dium at risk for a potential myocardial infarct. 
Equally important, our study conlim~s experimentally, by 
directly measured regional myccardial mass, the relations 
between coronary artery lumen area, summed distal arterial 
branch lengths and regional myocardial mass observed in 
humans (161. The experimental data reported here also fit the 
theoretically expected lumen area-arterial length-regional 
mass relations characterizing the physical principles of min- 
imal energy loss and adaptive chronic arterial wall shear 
stress determining epicardial coronary arterial tree structure 
of humans (16). Finally, these precise measurements in 
animals experimentally confirm our methodology in humans 
for determining what the coronary artery size should be at 
any point in the epicardial coronary artery tree for its distal 
mvocardiat bed size. and our observation that arterial lumen 
siie in patients with segmental coronary artery disease is 
diffusely 30% to 50% smaller than normally expected for 
given size of the dependent vascular bed (16). 
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